Ubiquitylation describes a process in which ubiquitin, a 76-amino-acid polypeptide, is covalently attached to target proteins. Traditionally, ubiquitin-conjugated proteins are targeted for degradation by the 26S proteasome. However, non-proteolytic roles in histone regulation, DNA repair and signal transduction have been reported. Here, the role of ubiquitylation in the cell death pathway in Drosophila is reviewed. Interestingly, ubiquitylation serves both pro-and anti-apoptotic functions. Although pro-apoptotic ubiquitylation leads to proteolytic degradation, recent evidence suggests that anti-apoptotic ubiquitylation may involve, at least in part, non-proteolytic functions.
1
There are several E2 enzymes encoded in the Drosophila genome. At least UBCD1 (also known as EFFETE) plays an essential role for the control of apoptosis in Drosophila (see below). 4, 5 The final step is the transfer of the activated UB to the substrate protein. This transfer is mediated by an UB ligase, or E3. 1 The E3 ligases confer substrate specificity; hence, the Drosophila genome contains hundreds of genes encoding them. The two major types of E3 UB ligases carry either a Hect or a RING (really interesting new gene) domain as the functional domains for UB ligation. The E3 UB ligases in the cell death pathway are the inhibitor of apoptosis proteins (IAP), which are RING domain ligases. 6 The RING domain binds to the E2 and mediates the transfer of UB to the substrate without forming a covalent intermediate, unless it is targeted for ubiquitylation itself (see below).
The UB-substrate bond is an isopeptide bond between the e-amino group of a lysine residue in the target protein and the C-terminal carboxyl group of the UB moiety. 2 Repeated cycles of ubiquitylation lead to formation of poly-UB chains on the target protein. Poly-UB chains also form through isopeptide bonds between the e-amino group of a lysine residue of the first UB and the C-terminal carboxyl group of the next one. UB contains seven lysine (K) residues (K6, K11, K27, K29, K33, K48 and K63). 2 Any of these lysines may be used for poly-UB formation. The lysine used for poly-UB formation determines the fate of the target protein. The best characterized are K48-and K63-linked poly-UB chains. K48-linked poly-UB chains target proteins for degradation by the 26S proteasome. K63-linked chains regulate nonproteolytic events, such as signal transduction in the NF-kB pathway. 2, 7 Linear (head-to-tail) poly-UB chains have also been reported, which appear to be involved in NF-kB activation. [8] [9] [10] Polyubiquitylation does not occur in all cases. Monoubiquitylation results from a single ubiquitylation event on a lysine residue. Monoubiquitylation also controls non-proteolytic events such as DNA repair, histone activity and endocytosis. 1, 7, 11 The Cell Death Pathway in Drosophila As in vertebrates, caspases are critical for cell death in Drosophila. Of the seven Drosophila caspases, only the initiator caspase, DRONC, and the effector caspases, DRICE and DCP-1, are required for apoptosis ( Figure 1) . [12] [13] [14] [15] [16] [17] [18] [19] The remaining four caspases either function in innate immunity (DREDD) 20 or their function is unknown. DRONC is most similar to caspase-9, 21 and assembles with the adaptor molecule ARK (Apaf1-related killer, also known as Hac-1 and D-Apaf-1) [22] [23] [24] [25] into the apoptosome (Figure 1 ). The apoptosome activates DRICE and DCP-1, caspase-3-like proteases that induce apoptosis (Figure 1 ).
Caspases are produced as inactive zymogen precursors, composed of a prodomain, a large and a small catalytic domain (Figure 2a ). Activation of caspases occurs differently between initiator and effector caspases. The initiator caspase, DRONC, is activated through dimerization, which is facilitated by the adaptor molecule, ARK, during apoptosome formation. 26, 27 The dimerization event is essential for activation of DRONC. 26 Cleavage between the large and the small catalytic subunits is neither required nor sufficient for DRONC activation, 26, 27 although it occurs in dying cells. In contrast, effector caspases are constitutive dimers. Activation of effector caspases requires proteolytic cleavage, cleaving off the prodomain and separating the large and small catalytic subunits. Association of two dimers into a heterotetramer forms the active protease (Figure 2b ). 15 In addition, an additional layer of caspase control is imposed by IAPs, which bind directly to caspases and inhibit them ( Figure 1) . However, paradoxically, IAPs only bind to caspases after they have been cleaved and activated (see below). The only known exception is DRONC, in which case Drosophila IAP1 (DIAP1) binds to the prodomain of the monomeric zymogen. 28, 29 It is believed that IAP inhibition of activated caspases protects cells against inappropriate caspase activity; hence, IAPs represent the last line of defense for the survival of the cell.
The Drosophila genome contains four IAPs: DIAP1, DIAP2, dBRUCE and DETERIN (Figure 2c) . 19 Undoubtedly, of these the most important one is DIAP1. Loss-of-function mutations of diap1 are embryonic lethal and the mutant embryos die by massive apoptosis, [30] [31] [32] suggesting that DIAP1 is absolutely critical for control of apoptosis. diap2 mutations do not have an apoptotic phenotype but affect innate immunity. 33, 34 It is interesting to note that DIAP2 acts together with the nonapoptotic caspase, DREDD, in the IMD pathway in innate immunity. dbruce mutations cause male sterility, 35 but otherwise they do not have a significant apoptotic phenotype. However, dbruce mutants dominantly enhance REAPER-and GRIM-induced cell death in the eye, 36 indicating that dBRUCE may also have some function for caspase regulation in somatic cells. The role of DETERIN, 37 the SURVIVIN homolog in Drosophila, is unknown due to lack of mutants.
Structurally, IAPs contain between one and three BIR (baculovirus IAP repeat) domains and some have a C-terminally located RING E3 domain. For example, DIAP1 has two BIR and one RING domains; DIAP2 has three BIR and one RING domains (Figure 2c ). Interestingly, dBRUCE has an E2 UBC domain instead of a RING domain (Figure 2c ). The BIR domains mediate protein-protein interaction with caspases and IAP antagonists ( Figure 2d and see below). The presence of several BIR domains increases the flexibility and potency of caspase inhibition. For example, BIR1 of DIAP1 preferentially interacts with DRICE and DCP-1, whereas BIR2 is more specific for DRONC (Figure 2d ). 38 In cells committed to die, the inhibition of caspases by DIAP1 has to be overcome. This is accomplished by the IAP antagonists REAPER, HID, GRIM, JAFRAC2, SICKLE and dOMI, which are acting upstream in the pathway (Figures 1  and 2e) . [39] [40] [41] [42] [43] Among these, REAPER, HID and GRIM are the best characterized both genetically and biochemically; hence, this protein family is often referred to as RHG proteins. They integrate a large number of apoptotic and survival signals to control apoptosis. For example, activation of the EGFR signaling pathway leads to inactivation of the pro-apoptotic gene HID, and thus to survival. [44] [45] [46] Other signals, such as steroid hormones, X-ray, developmental defects, unfolded proteins, etc., lead to activation of the RHG proteins and cell death. [47] [48] [49] [50] The RHG proteins bind directly to DIAP1 and induce its auto-ubiquitylation and degradation. 4, 5, 51, 52 The RHG proteins contain an IAP binding motif (IBM) (Figure 2e and f), which binds to the BIR domains of IAPs. The IBM is invariantly located at the N terminus of the proteins (Figure 2e ). In those cases where it is not immediately present at the N terminus, proteolytic processing has to occur to present it at the N terminus. There is some specificity as to which RHG motif binds to what BIR domain. The IBM of REAPER and GRIM binds with high affinity to both BIR1 and BIR2 of DIAP1. However, HID, SICKLE and JAFRAC2 have a preference for BIR2 only (Figure 2d ). 38 Not only IAP antagonists contain an IBM, several caspases also display an IBM after proteolytic processing. This was shown first for mammalian caspase-9, 53 and was later also found for the Drosophila caspases DRICE and DCP-1, and mammalian caspase-7. 54 In the case of caspase-9, an IBM is exposed at the N terminus of the small catalytic subunit (p12) after proteolytic processing, which can bind to the BIR3 domain of XIAP. 53 In contrast, the IBM of DRICE, DCP-1 and Caspase-7 is present at the N terminus of the large catalytic subunit (p20) after proteolytic removal of the prodomain. 54 The newly generated IBM of DRICE and DCP-1 can interact with the BIR1 of DIAP1 (Figure 2d ). It is generally believed that this IBM/BIR interaction causes inhibition of cleaved caspase-9, DRICE and DCP-1.
However, as will be discussed below IAP-mediated ubiquitylation is also critical for control of caspase activity. All components of the Drosophila pathway, the RHG proteins, IAPs and caspases are subject to ubiquitylation. These ubiquitylation events serve in some cases an anti-apoptotic function and in others a pro-apoptotic one.
Regulation of DIAP1 by Ubiquitylation
The regulation of DIAP1 by ubiquitylation is very complex and requires at least two, but possibly three, E3 UB ligases. The first E3 ligase identified was DIAP1's own RING domain. In response to apoptotic signals, binding of the IAP antagonists, REAPER, HID and GRIM, triggers or changes the ubiquitylation activity of the RING domain such that it auto-ubiquitylates DIAP1.
4,5,51,52 Auto-ubiquitylated DIAP1 is then targeted to the proteasome for degradation (Figure 3a) . The E2 enzyme, UBCD1, has been implicated in DIAP1 turnover. 4, 5 Another factor to be involved appears to be MORGUE, which contains an UB enzyme variant (UEV) domain and a F-box. 55, 56 The UEV is an UBC domain, but lacks a critical cysteine residue in its catalytic site. F-box-containing proteins are components of Cullin-RING ligases (CRLs). It is unclear how MORGUE functions mechanistically. Because the UEV domain lacks the critical cysteine residue required for ubiquitylation, MORGUE may not be able to perform ubiquitylation events. On the other hand, the F-box motif mediates ubiquitylation by CRLs. These different domain activities may be the reason for the conflicting data that have been reported. morgue mutants accumulate DIAP1 protein, suggesting that it is involved in DIAP1 degradation. 55 In contrast, overexpression of MORGUE in S2 cells appears to stabilize DIAP1. 55 RING-mediated ubiquitylation of DIAP1 leads to its proteolytic degradation and thus to release of DIAP1-inhibited caspases, which can now induce apoptosis (Figure 3a) . Therefore, in this context, ubiquitylation serves a proapoptotic function. Further support for a pro-apoptotic function of ubiquitylation came from the analysis of weak alleles of the only UB-E1 enzyme, Uba1. In weak Uba1 mutants, the levels of activated UB are reduced. 3, 57 This causes less-efficient ubiquitylation and degradation of short-lived proteins including DIAP1 (with a half-life of 30 min), 51 which accumulates in weak Uba1 mutants and hence increases the survival of the affected cells. 3, 57 However, complete loss of Uba1 and thus complete loss of ubiquitylation causes a strong apoptotic phenotype. 3, 57 The second ubiquitylation system found to regulate DIAP1 protein levels is the N-end-rule pathway. 58, 59 According to the N-end-rule, the most N-terminal residue of a protein determines its stability. There are stabilizing residues such as methionine (Met), and destabilizing ones such as asparagine (Asn). 58, 59 DIAP1 is synthesized as a protein carrying a stabilizing Met residue at its N terminus. However, removal of the first 20 residues through proteolytic cleavage by the effector caspase, DRICE, exposes Asn21 at the N terminus. N-terminally located Asn is converted to aspartate by asparaginase. After further modification with arginine, it is recognized and ubiquitylated by the N-end-rule specific UB-ligase E3a. 58, 59 Caspase-dependent N-end-rule-induced ubiquitylation of DIAP1 was described in two reports. 60, 61 However, the outcome of this process was different in these two reports. Yokokura et al. 61 found that N-end rule mediated ubiquitylation and degradation of DIAP1 promote cell death. In contrast, Ditzel et al. 60 reported that N-end-rule-mediated degradation of DIAP1 actually protects cells from apoptosis, that is, behaves anti-apoptotically. These authors attributed the antiapoptotic role to simultaneous ubiquitylation and inactivation of associated caspases, which may still be bound to DIAP1 after removal of the N-terminal 20 residues. The reason for the differences in these reports is not clear.
Finally, it has recently been reported that DIAP2 can also ubiquitylate DIAP1 in vitro. 62 This ubiquitylation event requires the RING domain of DIAP2. Further analysis in S2 cells indicates that DIAP2-mediated ubiquitylation of DIAP1 leads to K48-linked poly-UB chains, likely targeting DIAP1 for proteasome-mediated degradation. However, homozygous diap2 mutant flies are viable and fertile without an apparent apoptotic phenotype, and DIAP1 protein levels are unchanged in diap2 mutant animals. 33, 34 Therefore, the in vivo relevance of DIAP2-mediated ubiquitylation of DIAP1 remains unclear.
Regulation of the Initiator Caspase DRONC by Ubiquitylation
As mentioned above, the RING E3 ligase domain of DIAP1 auto-ubiquitylates under apoptotic conditions. In this respect, the RING domain behaves in a pro-apoptotic manner. However, homozygous mutations affecting the RING domain of diap1 (diap1 DRING ) cause apoptosis even in the absence of apoptotic signals. 4, 31, 63 Therefore, the RING domain of DIAP1 also has an important anti-apoptotic function. Furthermore, the apoptotic phenotype of diap1 DRING is completely suppressed by the caspase inhibitor, P35, 63 suggesting that the RING domain plays a critical role in controlling caspase activity. This observation also implies that physical interaction between the BIR domains and caspases is not sufficient for apoptosis inhibition. Indeed, it was shown that DIAP1 can ubiquitylate DRONC in a RING-dependent manner in vitro (Figure 3b) . 29, 64 Following these observations, models have been proposed according to which DIAP1-mediated ubiquitylation of monomeric (i.e., inactive) DRONC induces its degradation. 29, 65 However, although there has been some evidence in favor of the degradation models, clear genetic proof has not been obtained. Although DRONC protein accumulates in diap1 DRING mutants, which may confirm the degradation models, this Dronc accumulation was observed in diap1 DRING mutant cells kept 'undead' by P35 expression. 63 It is unclear how such cells respond to their 'undead' status over an extended period of time. 'Undead' cells can induce transcription of growth factors for compensatory proliferation. 63, 66, 67 Therefore, they may also induce the transcription of dronc, which may account for increased DRONC protein levels. Moreover, Wilson et al., 64 showed that DIAP1 can ubiquitylate monomeric DRONC without inducing proteasome-mediated degradation. A recent observation by Herman-Bachinsky et al. 62 suggests that the RING domain of DIAP1 mediates non-proteolytic K63 polyubiquitylation. Although this has been shown for auto-ubiquitylation of DIAP1, by extrapolation it may suggest a similar activity toward DRONC (which of course also depends on the E2 partner in this process). In other words, the consequence of ubiquitylation of DRONC by DIAP1 is unclear; proteasomemediated degradation may not be the outcome.
However, although ubiquitylation of DRONC by DIAP1 may not induce degradation of monomeric Dronc, the situation changes once DRONC becomes incorporated into the apoptosome. In cultured S2 cells, DIAP1 appears to ubiquitylate processed DRONC for degradation. 65 More recent work has suggested that the apoptosome components, DRONC and ARK, mutually suppress their protein abundance in a DIAP1-dependent manner. 68 Hence, only DRONC present in the apoptosome, but not free, monomeric DRONC, may be degraded by the proteasome. Interestingly, ubiquitylation requires DRONC-induced processing of ARK. Therefore, this mechanism resembles DIAP1 degradation by the N-end-rule pathway after DRICE processing (see above). Degradation of the apoptosome components may be another safeguard mechanism against inappropriate caspase activation, or may help to restrict caspase activity in non-apoptotic processes.
Regulation of the Effector Caspase DRICE by Ubiquitylation
Recent observations have suggested that DIAP1-mediated ubiquitylation does not only regulate DRONC but also the effector caspase DRICE. Here the evidence suggests a degradation-independent mechanism. 69 Inhibition of the proteasome by proteasome inhibitors did not cause accumulation of DRICE protein. Similarly, overexpression of DIAP1 in imaginal discs, the precursor structures of the adult animal, does not change the protein levels of DRICE. Even a DRICE mutant in which all nine surface lysine residues are changed to arginine is resistant to DIAP1 inactivation without significant accumulation of the mutant protein. 69 Therefore, these observations suggest that DIAP1-mediated ubiquitylation does not target DRICE for degradation. Although it is not degraded, ubiquitylated DRICE is enzymatically inactive. Therefore, it appears that ubiquitylation inhibits DRICE by a non-degradative mechanism. This raises the question how ubiquitylation and poly-UB chains inhibit caspase activation and/or activity. Several possibilities exist. In the case of DRICE, the poly-UB chains may sterically block the access of substrates to the catalytic site of the caspase, as determined by computer modeling. 69 Another possibility would be by inhibiting dimerization, which is required for initiator caspase activation, or by inhibiting interaction with scaffolding proteins such as ARK. Finally, ubiquitylated caspases may be recognized by UB-binding domain (UBD)-containing proteins, 2 which may inhibit the catalytic activity of caspases or sequester them in a subcellular location in the cell where they do not have access to their substrates.
Nevertheless, although DIAP1-mediated ubiquitylation may not be sufficient for DRICE degradation, there may be other E3 ligases controlling DRICE protein levels. For example, the N-end-rule pathway that degrades DIAP1 after DRICE cleavage (see above) may also degrade DRICE in the process. 60 In addition, DIAP2 may also function as an E3 ligase targeting DRICE. diap2 mutants display increased DRICE activity and are sensitive to genotoxic stress. 70 In summary, DRICE regulation is complex and may require several E3 ligase systems. More work is needed to dissect all aspects of UB-dependent regulation of DRICE.
Additional Targets of DIAP1 Ubiquitylation: RHG Proteins and dTRAF1
In addition to caspases and DIAP1 itself, RHG proteins can also be ubiquitylated by DIAP1 in a RING-dependent manner. This has been shown for REAPER. 71 Owing to the lack of antibodies specific for REAPER, it is not known whether this ubiquitylation event triggers degradation of REAPER. However, a ubiquitylation-resistant mutant of REAPER that lacks all lysine residues is a much more efficient inducer of apoptosis than wild-type REAPER in cultured cells, 71 providing evidence that ubiquitylation inhibits REAPER and thus defining another anti-apoptotic function of DIAP1. This puts an interesting twist regarding the control of apoptosis because, as described above, REAPER can induce auto-ubiquitylation and degradation of DIAP1. Thus, it appears as if REAPER and DIAP1 mutually control their activity in a negative manner. It is unclear what tips the balance between life (REAPER inactivation) and death (DIAP1 degradation). Certainly, other signaling pathways and stresses may shift the balance one way or another.
Another target of DIAP1-mediated ubiquitylation and degradation is dTRAF1, a component in the TNF receptor complex.
72 dTRAF1 can induce JNK-induced apoptosis; thus, DIAP1 protects cells from JNK-induced apoptosis through degradation of dTRAF1. dtraf1 mutants are dominant suppressors of REAPER-induced cell death. These observations suggest that REAPER-mediated degradation of DIAP1 leads to stabilization of dTRAF1 resulting in JNK activation. 72 
Role of CRLs for Non-Apoptotic Functions of Caspases
In the past few years, evidence has emerged which also implicates caspases in non-apoptotic functions such as proliferation, differentiation, cell signaling and cell remodeling (reviewed by Galluzzi et al. 73 ). Of particular interest for the topic of this review is the non-apoptotic role of caspases during spermatogenesis in Drosophila. Apoptotic factors including DRONC, ARK and DRICE are used in a nonapoptotic manner in a process termed 'individualization' during which 64 interconnected postmeiotic spermatids are separated from each other. 74 Interestingly, a similar role of ubiquitylation for the control of caspase activation during apoptosis, in this non-apoptotic process ubiquitylation, is also involved. However, ubiquitylation is not mediated by IAPs, but instead by a CRL complex. 35 In CRL complexes, Cullins are large scaffolding proteins that link two functional modules: a catalytic module and a substrate recognition module. The catalytic module is an E3 RING domain protein that recruits an E2 enzyme for ubiquitylation of the substrate. The substrate is recruited into the complex through the substrate recognition module. In the case of spermatid individualization, the CRL is of a Cullin-3 type. In a genetic screen for genes required for sperm individualization, mutants of cullin-3, the small RING protein roc1b, and the BTB-Kelch protein, klhl10, as the substrate recognition factor were identified. 35 In these mutants, caspase activity is abolished, suggesting that CRLmediated ubiquitylation is required for caspase activation. The substrate is currently unknown. The genetics implies that the substrate may be an inhibitor of apoptosis. However, DIAP1 and DIAP2 have been excluded. Another good candidate may be the IAP dBRUCE. dbruce mutants cause male sterility 35 and they enhance REAPER-induced cell death, 36 suggesting that dBRUCE may have an inhibitory effect on caspase activity in spermatids. Future work is needed to confirm this hypothesis.
Deubiquitylation Enzymes
Although most research effort has focused on ubiquitylation of substrates in the apoptotic pathway, recent findings have also implicated deubiquitylation enzymes (DUBs) in the control of caspase activity. DUBs revert the effects of the UB conjugation system. There are at least 15 DUBs in Drosophila. So far, three of them have been implicated in the control of apoptosis. The gene fat facets (faf) has been identified as a regulator of IAP-controlled apoptosis. 4, 56 Another DUB is encoded by the echinus gene and is involved in cell death during eye development in flies. 75 However, in both cases, it is unclear how these genes control apoptosis. More recently, another DUB termed 'Emperor's thumb' (ET, also known as Scrawny) was found to have a pronounced effect on apoptosis. 76 Interestingly, ET affects REAPER-and GRIM-induced apoptosis, but not HID-induced apoptosis. Loss of et causes a reduction in DIAP1 levels, suggesting that this DUB may counteract DIAP1 ubiquitylation. 76 In summary, these examples show that ubiquitylation and deubiquitylation of apoptotic regulatory proteins is critical for the appropriate decision of the cell to live or to die.
Conclusions
Although this review has focused on UB-mediated regulation of apoptosis in Drosophila, many of the mechanisms are probably conserved in mammalian cells (reviewed in Broemer and Meier 77 ). However, there are several areas where Drosophila research leads the way, and these particular areas have been highlighted in this review. Ubiquitylation can lead to proteasomal degradation and depending on the ubiquitylation target, pro-and anti-apoptotic responses can be observed. However, ubiquitylation does not always lead to proteasome-mediated degradation. This has been best characterized for the ubiquitylation of the effector caspase, DRICE, which leads to non-degradative inactivation. Control of the activity of caspases by ubiquitylation can result in inactivation of caspases, but can also limit caspase activity to non-apoptotic processes. Spermatid individualization during sperm maturation in Drosophila requires this limited caspase activity to occur. Interestingly, nature has evolved a different UB ligation mechanism involving CRLs. Regulation of ubiquitylation-mediated signaling involves the interplay of E3 ligases and DUBs, and a recent study extends this paradigm to the UB-mediated control of apoptosis in Drosophila. The years to come will reveal more information about these complex interactions and will fill the gaps in our understanding.
